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(54) Chromatic dispersion compensation 

(57) An optical waveguide (11, 71) provided with a 
linearly chirped Bragg reflective grating (13, 73) can be 
employed as a device that provides linear dispersion 
compensation. The amount of the linear dispersion 
thereby provided can be rendered adjustable by adjust- 
ment of the magnitude of axiat strain imposed upon the 
grating. If the chirp is purely linear, and if also, the strain 
is at all times uniform along the length of the grating, 
adjustment of the strain magnitude will have no such 
effect. This requires the presence of a quadratic chirp 
temn, but such a term introduces its own transmission 
penalty. This penalty Is compensated at least in part by 



-Hm+ 



causing the light to make a reflection in a further Bragg 
reflection grating (14, 74) whose quadratic component 
of chirp has the opposite sign to that of the other Bragg 
reflection grating, but a substantially matched modulus. 
The effect of the strain is to scale the effective pitch of 
the Bragg reflection grating by scaling its physical pitch. 
An alternative way of achieving a similar effect is to 
change the effective refractive index of the waveguide in 
which the grating is formed, for instance by changing its 
temperature. 
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Description 

FIELD OF THE INVENTION ^ 

5 [0001] This invention relates to the compensation of chromatic dispersion, hereinafter referred to as dispersion, in 

optical transmission systems. , ^ , ' . ►k i 

[0002] Linear (first order) dispersion. D. is the measure of the rate of change of group delay, x. with wavelength. X. 
( D = dxl^X ) Unear dispersion is typically measured in picoseconds per nanometre (ps/nm). In the case of a transmis- 
sion medium for instance an optical fibre waveguide, whose waveguiding properties are uniform along its length, the 

10 linear dispersion exhibited by the medium Is proportional to its length and so. for such a medium, it is. convenient to 
define its linear dispersion per unit length, also known as its linear dispersion power. This is typicaliy measured In pico- 
seconds per nanometre per kilometre (ps/nm/km). - 
[0003] The value of the linear dispersion of a transmission path is generally itself a function of wavelength, and so ■ 
there is a quadratic (second order) dispercion temi. Q. also known as_^dispersion slope, which is a measure of the rate 

,5 of change of linear dispereion with wavelength. (Q = dD/dX-= d^t/dA.^. ) This is typically measured in picoseconds per 
nanometre squared (ps/nm^). In some, but not all instances, the effects of quadratic dispersion in NDS and DG fibre 
(non dispersion shifted fibre, and dispeision compensating fibre) are small enough not to assume significance. There 
are abo higher dispersion terms, whose effects generally assume even less significance. 

20 BACKGROUNDTO THE INVENTION ' . ' 

[0004] ■ In a digital ti^nsmission system the presence of dispersion leads to pulse broadening, and hence to a cur- 
tailment of system reach before some forni of pulse regeneration becomes necessary. The;problem presented by dis- 
persion increases rapidly with increasing bit rate..This is because, on the one hand, increasing the brt rate produces 
increased spectral broadening of the pulses, and hence increased dispersion mediated pulse broadening; while on the 
other^hand increasing the bit rate also produces a reduction in the time Interval between consecutive bits. In a WDM 
(wavelength division multiplexed) digital transmission system, . it is not practical to minimise the problems of dispersion 
by choosing to employ a transmission medium-exhibiting near-zero first order dispersive power because low first order 
dispeisive power is associated with" aggravated non^linear (e.g: four-wave mixing) distortion.. A known solution to this, 
problem is to employ 'managed dispersion" in which near-zero.aggregate linear dispersion over a particular transmis- 
sion path is achieved by the use of.altemating sections respectively exhibiting positive linear dispersion and negative 
linear dispersion, for instance by the use of NDS and DC optical fibre waveguide. _ 
[0005] Having regartl to the manufactunng tolerances in practice encountered in the fabrication of NDS and DC 
fibre achieving adequately low aggregate linear dispersion becorries increasingly difficult as the bit rate is increased. 
Consider for instance a 40 Gbit/s WDM transmission system with a reach of 400km, and. with the shortest and longest 
wavelength channels separated by 200nm. The actual amount of linear dispersion in .any particular channel that can be 
tolerated will of courae be dependent upon a number of system parameters, but typically may -lie in the region of 
lOOps/nm A typical NDS fibre exhibits, at a wavelength of 155.0nm. a imear dispersive povyer of approximately 
1 7ps/(nm • km), and a quadratfc dispersive power of approximately 0.058ps/(nm2 , y^^y Currently DC fibre is fabricated 
40 to a tolerance of ± 3% in respect of linear dispersive power, and a tolerance of ± 20% in respect of quadratic dispeisive 
power Therefore, for the 400tan span length, the uncertainty in linear dispersion compensation, at the 1 550nm wave- 
length will amount to approximately 400ps/nm (= 400 x 1 7 x 0.06ps/nm). Given the 200nm wavelength range, the addi- 
tional uncertainty at the wavelength extremities produced by.the ± 20% quadratic tolerance amounts approximately to 
a further 900ps/nm (= 400 x 0.058 x 200 x 0.2ps/nm). To this must be added any uncertainty arising from any impreci- 
45 sion in the knowledgs of the length and dispersion of the transmission fibre. 

[0006] The foregoing indicates that, even if the DC fibre were manufactured to tolerances tightened by an order of 
magnitude,- those tolerances would still be large enough to cause difficulty In achieving an accurate enough compensa- 
tion for the reliable provision of an operating point near the centre of the 1 0Ops/nm window. 

[0007] There is therefore a. useful role for an adjustable amplitude linear dispersion compensation device. Such a 
device could be one designed for operation on its own to achieve the total ty of dispersion compensation. Alternatively, 
it could be one designed for operation in association with a fixed amplitude dispersion compensation device, such as a 
length of DC fibre, that provides a level of compensation that is inadequately matched on its own. The adjustable device 
may be operated with some form of feedback control loop to provide active compensation that can respond to dynamic 
changes of dispersion within the system, and in suitable circumstances to step changes resulting from re-routing occa- 
sioned for instance by a partial failure of the system such as a transmission fibre break. 

[0008] An alternative way of providing dispersion which may be used for dispersion compensation purposes utilises 
spectrally distributed reflection of light produced by a chirped Bragg grating extending in the axial direction.of an optical 
waveguide Such a method is for instance described in United States Patent No. 4,953.939. Operating upon an optical 
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waveguide with a Bragg reflective grating in such a way as to nnodify the pitch of its grating elements can have the effect 
of producing a change in the dispersion exhibited by that device, but in certain circumstances will not do so. Thus, if the 
starting point is a device with a uniform pitch Bragg grating, this device reflects light at the Bragg wavelength deter^ 
mined by that pitch, and the effect of the grating is not such as to impart any dispersion. If now the device is uniformly 

5 stretched, the magnitude of the pitch is changed, the Bragg reflection wavelength is changed, but the grating still does 
not impart any dispersion. A similar situation pertains if. instead of stretching the fibre to change the pitch of its grating 
elements, its effective pitch (the product of physical pitch with effective refractive index) is changed by a uniform heating 
of the grating. On the other hand, if the heating is not uniform, but is such as to produce a thermal gradient along the 
waveguide axis in the region of the grating, then the effect of this .heating is to introduce chirp where none was present 

10 before, and hence is to introduce a measure of dispersion. Controlling the magnitude of the thermal gradient controls 
the magnitude of the resulting chirp, and thus there is provided a form of adjustable amplitude linear dispersion com- 
pensation device. Such a device is for instance described by B J Eggleton et al. in, 'Dispersion compensation in 
20Gbit/s dynamic nonlinear lightwave systems using electrically tunable chirped fibre grating', Electronics Letters Vol. 
35, No. 10. pp 832-3. Similarly, if the waveguide is subjected to a stretching that is not uniform, but is such as to produce 

75 a strain gradient along the waveguide axis, then the effect is to produce- a controllable amplitude of chirp where none 
was present before. One example of such a device, a- device in- which; a strain gradient is imparted to an optical fibre 
waveguide by bonding a portion of its length to a cantileveri and thembending that cantilever, is described by T Imai.et 
al. in. 'Dispersion Tuning of a Linearly Chirped Fiber Bragg Gratingi-Without a Center Wavelength Shift by Applying a 
Strain Gradient', IEEE Photonics Technology Letters. Vol. 10. No. 6. pp 845-7. Another example of such a device, a 

20 device in which a strain gradient is imparted to an optical fibre by bonding it to the side-of a stack of electrostrictive ele- 
ments, and then applying a differential drive to those elements, is described in United States Patent No. 5.694,501. In 
the thermal and both strain based examples thereJs a liability to ptoblems arising :from the fact that^any significant 
change of chirp is associated with a change in reflectivity. In the-ease of.the thermal example.there are the additional, 
problems of slow response and of maintaining^a controlled temperature gradient in s systern environment as opposed 

25 to a controlled laboratory environment. In. the case.of the cantilever device, there are problems associated with the 
bonding of the fibre'adequately to the cantilever, and extraneous optical non-linearities are introduced by virtue of .the 
fact that the radius of curvature is typically a non-linear function of:distance al on gihe cantilever. In^the case pt the pie-, 
zoelectric stack dsvk;e, there arersimilar bonding. probJems,:and there^are cost- and reliability problems. associated with 
the complexity ofith'e stack and ithe differential drive requrrenfiients of- thecomponent elements. ... 

30 [0009] ' It^has'^atre^dy been explained why-the liniform stretching of an bpticai waveguide possessing a uniform pitch 
Bragg reflection' grating does hot introduce any change ^s linear dispersion.Clt can -additionally be seen that uniform 
stretching similarly produces a negligible in linear dispersioh if the grating is linearly chirped. However, as for instance 
disclosed by K -M Feng et-at. in, Dynahnic Dispersion in a' 10-Gbit/s' Optical System Using a Novel Voltage Tuned Non- 
linearly Chirped Fiber Bragg Grating*, IEEE Photonics Technology Letters,'' Vo I M 1 ,'No,'3, pp:373-5,.the uniform stretch- 
as ing of an optical waveguide possessing a chirped Bragg grafting with a quadratic component of its chirp does induce a 
change in the linear dispersion' afforded by the structure. ' ' " ' - ^ 

[0010] The above-referenced paper by Feng et al. denionstrates,"both in tenns of eye" diagram and BER measure- 
ment, how the use of their noi>linearly chirped grating can be operated to reduce the receiver stensitivity penalty 
(increase in receiver signal power reqiiirfed to meet a given BER' at ICG bit/s) of an uncompensated transmission sys- 
40 tern, and specifically attributes a'^ residual receiver sensitivity penalty mainly to an imperfect compensation of the disper- 
sion. We have determined- that another factor iis involved, namely that the presence of quadratic dispersion itself 
introduces a receiver sensitivrty penalty. 

[0011] It is for iristaricie estimated that, in the case of a 40Gbit/s NRZ system in which the quadratic dispersion 
amounts to only 40ps/nm^, this penalty may amount to about OiSSdB, and that the penalty increases in an approxi- ■ 

45 mately linear fashion with increasing quadratic dispersion; at least as far as a quadratic dispersion of 300ps/nm^. This 
estimation is based on a simulation using a 128 bit Pseudo Random Bit Sequence generated with raised-cosine rising 
and falling edges. This is tonvert^rfto an optical signal using the amplitude and phase response of a Mach-Zehnder 
modulator with symmetrical drive. The signal is then modified by -the response of an optical fibre which can introduce 
quadratic dispersion across the modulation bandwidth. The resultant output from such a simulation is a pulse 

50 sequence, which is distorted in relation to the input pulse sequence:: One way in which to assess the degradation is to 
overlay each received bit on'top of its predecessors to generate an^'eye diagram. The actual method of assessing this 
eye diagram involves measuring quantitatively the amount of open Ing* in the eye pattern. This figure is then compared 
to that of the system when there is no fibre in place. The ratio of these two figures is- expressed in dB and quoted as a 
'penalty'. The results of this estimation would prima fec/e suggest the choice of a grating with a low modulus quadratic 

55 chirp. However, for any given range of linear dispersion adjustment, a reduction in the modulus of quadratic chirp 
requires a corresponding increase in both grating length and the amount of strain required to sweep through that range. 
Good quality long Bragg reflection gratings are difficult to fabric*ateHn optical waveguide because they are typically writ- 
ten in the guide sequentially section by section in short sections'thiat need to be critically positioned witii respect to each 
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other to avoid excessive stitch error mediated quality degradation. Additionally, excessive strains are unwelconrie 
because of associated problems of susceptibility to catastrophic failure by fracture. 

[001 2] Consider the general case of a structure for which the delay, expressed as a function of (free space) Wave- 
length has only a zero offset, a linear component and a quadratic component, i.e. a structure that satisfies the relation- 
ship: 

T(A,)=:ao + a^X+a2A,^ 0) 

[0013] The linear dispersion is therefore given by: 

D(X)=^=:a^4-2a2X (2) 

and the quadratic dispersion by: 



[0014] (Equation (3) shows that, because the differential group delay contains no cubic or higher order term, the 
20 quadratic dispersion, Q, is actually a constant. 232, ' rather than a temi functionally dependent upon wavelength.A..) 
Equation (1 ) m ay with advantage be rewritten in tenns of the^zero offset delay Tq. the linear dispersion Dq, and quadratic 
dispersion Qo values (Qq = Q) pertaining to some chosen baseline wavelength ^.o- ™s baseline wavelength is typi- 
cally a wavelength af one end of (or in the middle of)' the wavelength range over which dispersion compensation is 
required.' Such a rewriting gives: 



25 



(4) 



30 [0015] Under the assumption that the delay is produced by a non-linearly chirped Bragg grating in an optical 
waveguide with an effective- refractive index n. each wavelength component X of the incident light is^effectively reflected 
at some specific distance z{X) along the length of the grating. The delay x{X) Is therefore the folded physical path length, 
(2z) divided by the propagation speed of light in the waveguide (c/n), where c is the in vacuo speed of light. Hence: 

35 ^W^^ ' z(^) 

[0016]' * Substituting equation (5) in equation (4) together with: 

AX^X'Xr, ' (6) 



40 



45 



50 
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gives: 

T(X)=|^ •z(X)=Xo+Do.A>.+^ . AX.' .. (7) 

[0017] Equation (7) is a quadratic equation in A?, whose solution, under the condition that z = 0 at Tq = O.js given by: 



(8) 



[0018] Remembering that the physical pitch, A, of the grating, is related to the Bragg wavelength X. by: 
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A,=2rTA . (^) 

equation (8) also provides a description of the pitch variation of the grating. Differentiating equation (7) with respect to 
X, and rearranging, gives: 

D(X)=Do+Qo • CO) 



[0019] Accordingly, a linear dispersion range AD = D ^ - Dq requires a bandwidth: 
^0 „ ^ . AD 



[0020] Substituting equation (1 1) in equation (7) to find the grating length, Az, gives: 



AZ=5^{2Do-AD+AD^) (12) 



20 [0021] Equation (12) defines the length of a grating that is required to meet a given design specification, for 
instance, assunning n = 1,5, and that a linear dispersion range from Do = :100ps/km to D, = 500ps/km is required with a , 
quadratic dispersion mediated receiver sensitivity penalty limited by limiting the quadratic dispersion to Qq = 20ps/km^; - 
equation (12) determines that the grating must be 60Gmm long. For' many, application this is inconveniently long,. and 
moreover would involve excessive stretching to cover the full range (a strain range of approximately 1 .2% for operation 

25 in the wavelength region of 1550nm). Increasing the quadratic dispersion limit by a factor of ten to Qq = 200ps/km2 
reduces the grating length, and the strain range, each by a factor of ten, but only achieves this at the expense of a sig- 
nificant increase in receiver sensitivity penalty. ^ 



SUMMARY OF THE INVENTION 

[0022] The present invention is directed to a way of cancelling, at least in part, the receiver sensitivity penalty of an 
adjustable linear dispersion compensator that employs a waveguide provided with chirped Bragg reflection grating that 
has a quadratic component of chirp. 

[0023] ' According to a first aspect of the present invention, there is provided a method of providing adjustable mag- 
35 nitude linear dispersion of light, in which method light is caused to make a first reflection in a first optical waveguide pro- 
vided with an associated first chirped Bragg grating reflector that exhibits chirp by virtue of having grating elements at 
an effective pitch which is a function of position along the grating, which effective pitch is the product of the physical 
pitch of the grating elements at any position along the length of the grating with the refractive Index of the waveguide at 
that position; which method is characterised in that the light which makes said first reflection in said first waveguide 
40 additionally makes a second reflection in a second waveguide provided with an associated second chirped Bragg grat- 
ing reflector whose chirp is such that said first and second Bragg grating reflectors have quadratic components of chirp 
of opposite sign and substantially matched modulus; and wherein the aggregate magnitude of linear dispersion 
afforded to light making said two reflections is adjustable by effecting a differential scaling of the effective pitches of the 
two Bragg grating reflectors. 

45 [0024] Since physical pitch and waveguide effective refractive index both contribute to the effective pitch of a Bragg 
grating reflector, a scaling of its effective pitch, a multiplication by some numerical factor not equal to 1, is achievable by 
either of these parameters, or of- both parameters in combination, a scaling of the effective, pitch, resulting at least pre- 
dominately from a scaling of the physical pitch is obtainable by the application of stress to produce axial strain in the 
fibre, typically tensile strain. On the other hand, in the case of a polymer optical waveguide (which may be, but is not 

50 necessarily a polymer optcal fibre waveguide) a scaling of the effective pitch, resulting at least predominately from a 
scaling of the effective refractive index of the waveguide is obtainable by changing its temperature. In this instance use 
is being made of the fact that the temperature coefficient of polymer-optlcal waveguide (dn/dT) is generally much larger 
than that of silk;a waveguide. 

[0025] In the case of a Bragg reflective grating fomned in a silica optical fibre waveguide, such a waveguide may be 
55 a standard silica fibre waveguide, or it may be a silica fibre waveguide of a composition providing enhanced photosen- 
sitivity. 

[0026] According to a second aspect of the present invention, there is provided a device exhibiting linear dispersion 
of adjustable magnitude, which device includes a first optical waveguide provided with an associated first chirped Bragg 
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grating reflector that exhibits chirp by virtue of having 'grating elements at an effective pitch which is a function of posi- 
tion along the grating, which effective pitch is the prbduct of the physical pitch of the grating elements at any position 
along the length of the grating with the refractive index of the waveguide at that position; which device is charactensed 
in that it additionally includes a second optical waveguide provided with an associated second chirped Bragg grating . - 
reflector whose chirp is such that said first and second Bragg grating reflectors have quadratic components of chirp of 
opposite sign and substantially matched modulus, which first and second waveguides are arranged to define an optical 
transmission path in the device that includes a reflection in one grating and then in the other, and wherein the device 
includes means to effect a differential scaling of the effective pitches of the two chirped Bragg grating reflectors. 
[0027] One example of a suitable means to effect a differential scaling of the effective pitches of the two chirped 
Bragg grating reflectors is a strain applicator mechanically coupled with the first waveguide and adapted to impart to the 
first waveguide, over the length of its Bragg grating, a substantlaliy uniform axial strain of adjustable magnitude. Another 
example is a themial regulator adapted to maintain a uniform temperature difference of adjustable magnitude between 
the two chirped Bragg reflection gratings. . . , ' 

[00281 Other features and advantages of the invention will be readi V apparent from the following description of pre- 
fen-ed embodiments of the invention, from the drawings and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0029] 

Figure 1 is a schematic diagram of an adjustable dispersion comiDensating device embodying the invention in a pre-' 
ferred form, , . , . „ . . 

Figures 2 and 3 are representative plots illustrating riow differential group delay, t. varies as a function of Bragg 
reflection wavelength, X. in respect of different combinations of linear and quadratic chirp, 

Rgure 4 is a representative plot illustrating how dispersion provided by an optical waveguide with a linearly and 
quadratically chirped Bragg reflective grating is altered by a scaling of its effective pitch, for instance by an axial 
stretching of that waveguide, , 

Rgure 5 is a schematic diagram of an optical fibre waveguide with a chirped Bragg reflective grating, together with 
a jig for axially stretching that waveguide, 

Figure 6 is a schematic diagram of an optical fibre waveguide with a chirped Bragg reflective grating, together wich 
a jig for axially compressing that waveguide, and ' 

Figure 7 is a schematic diagram of an adjustable dispersion compensating device embodying the invention in an 
alternative prefen-ed form that effects adjustability thermally instead of through the agency of strain. 

DETAILED DESCRIPTION OF PREFERRED EftflBODIMENTS 

[0030] The adjustable dispersion compensation device of Figure 1 has three principal cornponents: a four-port cir- 
culator 1 0, two optical fibres 1 1 and 12 provided with respective chirped Bragg reflective gratings 13 and 14, and some 
form of adjustable tensile (and/or compressive) strain applicator 15 for axially straining waveguide 1 1 unrfomnly over the 
length of its grating 13 (this strain applicator being symbolically represented in this Figure by a helical spnng). Light that 
enters the circulator 1 0 by way of its port 'a' emerges by way of its port 'b', to which fibre 1 1 with its grating 1 3 is optically 
coupled The light that is reflected by this grating 13 re-enters the circulator by way of port 'b', and re-emerges by way 
of its port 'C, to which fibre 12 with its grating 14 is optically coupled. The light that is reflected by this grating 14 re- 
enters the circulator by way of port 'c*. and re-emerges by way of its port 'd'. If desired, the rotation sense of the circu- 
lator 1 0 can without problem be reversed so that the reflection in the fixed grating occurs before that in the adjustable 
one instead of after It , i 

[0031] Figures 2 and 3 depict how differential group'delay. x, Varies as a function of Bragg reflection wavelength, A. 
in respect of different combinations of linear and quadratic chirp. In the case of linear chirp with no attendant quadratic 
chirp the relationship is depicted by linear trace 20 of Figure 2 in respect of positive linear chirp, and by linear trace 30 
of Figure 3 in respect of negative chirp. Traces 21 and 31 show the effect of adding a positive component of quadratic 
chirp respectively to the linear chirps of traces 20 and 30. Correspondingly, traces 22 and 32 show the effect of adding 
a negative component of quadratic chirp. . ^ • u- 

[0032] Rgure 4 shows the effect of stretching a grating that has positive linear chirp and positive quadratic chirp 
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over the range of Bragg reflection wavelengths from XqIoX^. In the unstretched condition, the way the differential group 
delay, t, varies as a function of Bragg reflection wavelength, is represented by trace 40. If that portion of the fibre 
extending between the first and .last grating elennents of the fibre is now stretched by an extension factor 'rp'/ where 
A,o< (m X ^q) <;i^ , the delay to the beginning of the grating remains unchanged at tq; and now the way the differential 

5 group delay, x, vanes as a function of Bragg reflection wavelength, X, is represented by trace 41 . The grating pitch at 
this end is however expanded by the extension factor 'm' from Aq (where A q ^X^/Zn ) to m x Aq. Accordingly trace 41 
is an m-fold expanded replica of trace 40, with its commencement point shifted in the direction of the X axis from the 
point with the co-ordinates (Xq, tq) to that with the co-ordinates (mX^.xo). Light of wavelength mAo is reflected in the fibre 
at the point at which the grating pitch is 2n x htiAq. The linear dispersion, dA^dr, at this wavelength is given by the gra- 

10 dient of the differential group delay characteristic at this wavelength. In the case of the unstretched fibre, this is the gra- 
dient of the line 42 which is tangential to trace 40 at A = m)^. In the case of the stretched fibre, this is the gradient of the 
line 43 which is tangential to trace 41 at X = rmX^, It is thus seen that the effect of the stretching has been to reduce the 
magnitude of the linear dispersion. 

[0033] The stretch-induced transition from trace 40 to trace 41 is accompanied by a very small change in quadratic 

15 dispersion, a change proportional to the magnitude of the induced strain 0.1%). Whilst this is sniall enough to be 
insignificant, it can, if desired, be compensated by introducing higher order terms in the dispersion characteristic, such 
that the quadratic dispersion is constant at the particular wavelength of operation for all values of strain exerted. 
[0034] Reverting attention to Figure 1, the chirp of grating 13 has non-zero (positive or negative) terms of both lin- 
ear and quadratic chirp (but no significant magnitude higher order terms). Its differential group delay characteristic, 

20 therefore has the general shape either of traces 21 of Figure 2 and 40 of Rgure 4,orthat of trace 22 of Figure 2 or either 
of traces 31 and 32 of Figure 3. The chirp of grating 14 also has a non-zero temn of quadratic chirp (and similarly, no 
significant magnitude higher order terms). The modulus of this quadratic chirp is substjantially matctied with that of grat; 
ing 13, but the two are of opposite signs so that the contribution of quadratic dispersion imparted to light reflected in the 
grating 13 of fibre 1 1 is substantially cancelled out by that imparted to. the light when it is reflected in the grating 14 of 

25 fibre 12. . , ' , . . .. . 

[0035] By way of a specific example, the grating 1 3 may be an approximately 60mm long grating designed for oper- 
ation to provide a positive value of linear dispersion adjustable, by a stretching of the fibre 11, over the range Dq = 
+100ps/nm to = +500ps/nrn, .and having a positive quadratic dispe^rsion Qq = ■i-2p0ps/nm2. The pitch of the gratmg 
elements increases, with increasing distance from the circulator, to a value providing a Bragg, reflection wavelengths^ A, 

3o just exceeding the design wavelength band for which dispersion compensation is required, typically a waveband in the 
vicinity of 1 550nm, The grating 14 has a quadratic component of chirp of substantially matching modulus, but opposite 
sign (i.e. Qq =-200ps/nm2). Its length can be shorter than that of grating 13 because it needs only be long enough to 
compass the waveband of operation. Its linear component of chirp may be of either sign. It may be preferred to make it 
(as depicted in Figure 1) of opposite sign to that of the grating 13, and of an intermediate modulus, so that operational 

35 adjustment of the dispersion afforded by grating 13 enables the aggregate dispersion afforded by the two gratings to 
range from a negative value to a positive one. 

[0036] It is clear that,. instead of fibres 1 1 and 12 being cpnnected to consecutive ports of a single 4-port circulator, 
fibre 1 1 could be connected to one port of one of a pair of series-connected 3-port circulators while fibre 1 2 is con- 
nected to a corresponding port of the other 3-port circulator This provides a structure bearing superficial resemblance 

40 to the structure described by T Komukai et aL, 'Fabrication of nonlineariy chirped fiber Bragg gratings for higher-order 
dispersion compensation'. OFC '98 Technical Digest. Tuesday Afternoon, TuM2. pp 71-2. Closer examination quickly 
reveals that the two structures are, however, designed for quite different applications, arid in consequence thereof are 
physically quite different. In particular, whereas the present invention requires its two gratings to have quadratic chirp 
components of opposite sign, the two gratings of the T Konnukai et al. structure are required to have quadratic chirp 

45 components of the same.sign. the fact that the T Komukai et al. structure employs gratings with the same sign of quad- 
ratic chirp component can be readily deduced from an examination of the relative curvatures of traces A and B of their 
Figure 5, or alternatively by differentiation of their equations 6 and 7. 

[0037] A jig,for axially stretching the optical fibre waveguide 1 1 and its grating 13 is schematically depicted in Figure 
5. The fibre i.1 is a.1 25^m diameter single-mode glass optical fibre (Drovided with a 250|im diameter plastics protective 

50 coating 50. A portion of this cladding.is stripped from the fibre 11 so as to enable the writing therein of the Bragg reflec- 
tion grating 13. Tension for axially straining the grating is applied to the fibre by way of a pair of flanged fen-ules 51 
directly attached to the fibre .11 by way of low expansion solder-glass fillets 52. A suitable solder-glass for this purpose 
comprises a lead oxide matrix in which has been dispersed a high melting point low-expansion filler. The ferrules 51 are 
made of a low. thermal expansion iron nickel cobalt manganese alloy suited to the making of glass-to-metal seals. In this 

55 instance the. design calls for the thickness of the solder-glass lying inside the bore of each of these fen-ules to be less 
than the thickness of the plastics coating 50. and so. although each ferrule is counterbored to allow entry of the coating 
part-way into the ferrule, a ferrule can not be transported all along the plastics coated fibre from a remote end. Accord- 
ingly, the portion of bare fibre 1 1 that includes the Bragg reflection grating 1 3 also has to include a splice 53.*(The need 
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for the splice 53 can be avoided by. the use of a redesigned fen^ule (not shown) with a uniform bore large enough to 
accommodate the fibre 1 1 complete with its plastics protective coating 50.) The two fierrules 51 can then be introduced 
over their respective ends of bare fibre before this splice is made. Preferably the material .that goes to form the solder- 
glass fillets is applied in the form of preforms (n6t shown), one-for.each ferrule, in which case these preforms are intro- 
duced over the ends of bare fibre at the same time as the ferrules. Conveniently, such a preform is located m abutment 
with the end face of Its associated ferrule while that ferrule is heated by an induction.heater (not shown). Sufficient heat 
is conducted into the preform from the ferrule to cause that preform to melt and flow by capillary action at least part-way 
down the small-bore portion of that ferrule. After the ferrules 51 have been secured to the fibre 1 1 by the solder-glass 
fillets 52, adhesive resin may be dispensed into the ferrule counterbores to form fillets 54 securing those ferrules also , 
to the respective end portions of the plastics cladding 50 on the fibre 11. 

[0038] The jig has an expander unit 55 between a pair of slotted end plates 56 into which the ferrules 51 are 
engaged so that, when the expansion unit expanded, these end plates bear upon the ferrule flanges so as to tensi.on 
the intervening portion of fibre 1 1 . The precise form of expansion unit employed is not critical. The expansion unit may 
for instance comprise a piezoelectric stack. It.may be solenoid operated. If the speed of operation is not too critical, it 
could be a thermal expansion type device. 

[0039] Typically tensile straining of the fibre 1 1 'is more readily accomplished than compressive strammg. Hovvever, 
there can be circumstances in which tensile straining'is not acceptable. An example of a jig for axially compressing the 
optical fibre waveguide 1 1 and its grating 1 3 is schematically depicted in Figure 6. In the case of this jig the fibre 1 1 sim- 
ilarly has to include a splice 53 in order to allow components to be threaded on to the bare fibre before the splice is 
made. These comprise first and second ferrules 60 and 61 , a pair of load-spreading washers 62 (optional), and a length 
of thick-wafled capillary sleeving 63. 

[0040] One function of the sleeving 63, which is typically made of silica, is to inhibit bending of the fibre when it is 
subjected to compressive stress in the axial direction. Its bore is therefore only just large enough to admit the free pas- 
sage of the fibre 1 1 . A second function of the sleeving is to provide a point of attachment to the fibre near each end so 
that compressive strain of the sleeving resulting from the application of axially directed compressive stress is trans- 
ferred across to the fibre. These two points of attachment are provided at 64 where the sleeving has been locally heated 
to collapse it on to and fuse with the fibre. 

[0041] The jig of Figure 6 has a compression unit 65 (the counterpart to the expander unit 55 of the jtg of Figure 5) 
between a pair of slotted end plates 66 (the counterpart to the end plates 56 of the jig of Figure. 5) into which the fibre 
1 1 complete with its plastics cladding 50, is engaged so that, when the compression unrt contracts, these end plates 
bear upon the ferrules 60 and 61 so as to compress the sleeving 63, and thereby intervening portion of fibre 1 1 lying 
between its points of attachment 64 with the sleeving. , 

[0042] ' The function of the load-spreading washers 62, if employed, is to yield just sufficiently to reduce any pres- 
sure nonuniformities occasioned by local proud spots ori the (nominally flat) facing end surfaces of the sleeving and 
adjacent ferrules, thereby reducing risk of stress fracture. These washers may be of copper 

[0043] The preferred embodiments described above with, particular reference to Figures 1 , 5 and 6 have been 
embodiments that rely upon inducing a change in the physical pitch of a Bragg reflection grating, but it has already been 
explained that an equivalent dispersion adjustability can be obtained by inducing a change in the effective refractive 
index of a waveguide in which the Bragg reflection grating is formed. An example of this approach is schematically 
depicted in Figure 7. This embodiment used the same arrangement of circulator 10 employed in the device of Figure 1 , 
but its ports b and c are optically coupled with a pair of polymer waveguides 71 and 72 formed on an integrated optics 
substrate 70 In these waveguides are created a pair of Bragg reflection gratings 73 and 74 having chirp properties sim- 
ilar to those of their counterpart gratings 13 and 14 of the device of Rgure 1 . Each of the gratings 73 and 74 is provided 
with an associated thermo-electric heater/cooier 75 and 76 providing the facility for operation of the device in push-pull 
mode by maintaining one grating at a uniform temperature different by an adjustable magnitude from that at which the 
other grating is maintained. The gratings are preferably matched gratings of substantially matched length, one being in 
inverted relationship with respect to the other so as to provide them with quadratic chirp terms of opposite sign. (Such 
an inverted relationship is. of course, not the case if the two waveguides 71 and 72 are instead fed from opposite ends.) 
An adjustment range of reduced magnitude is provided if one of the heater/coolers is dispensed with,;and a further 
reduction of adjustment range is provided if that single remaining heater/cooler is replaced with a simple heater, such 

as a Joule heater. . • . , ... i.n^ai 

[0044] A separate dispersion compensator will typically be required for each separate channel of a WDM transmis- 
sion system. Using dispersion compensators specifically as described above with particular reference to Figures 1 and 
5 or 6 or to Figure 7 would typically require a separate grating design for each specific channel. However, a reduction 
in inventory is possible by a special periodic modulation of the coupling coefficients of the grating elements of the to pro- 
duce 'sampled Bragg reflective gratings' (also known as 'superlattice Bragg reflective gratings'). The properties of such 
sampled gratings are described for instance by B J Eggleton et al. in. 'Long periodic superstructure Bragg gratings in 
optical fibres' Electronics Letters. Vol. 30, No. 1 9. pp 1 9-21 ; and by M Ibsen et al. in, '30dB sampled'gratings in gemna- 
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nosilicate planar waveguides', Electronics Letters, Vol. 32, No. 24, 21st November 1996. By such nnodutation of the cou- 
pling coefficients of the grating elements, it is possible to produce a repeating quadratic dispersion characteristip vwith a 
periodicity chosen to be sufficiently larger than the bandwidth of the unmodulated grating so as to leave sm^ll- guard: 
spaces between the periods in wavelehgth space. A small effective grating period adjustment can.then be made to bring 
5 one of the periods into appropriate wavelength registry with the waveband of any selected one of the wavelength chan- 
nels of the WDM signal. In Instances wher^ both gratings are sampled gratings, generally both such sampled gratings 
will need to be effective -pitch -adjustable gratings so that each is capable of being 'tuned' to move any guard-space out 
of its required wavelength range of operation! 

10 Claims . , / , . 

1. A method of providing adjustable magnitude linear dispersion of light, in which method light is caused to nnake a 
first reflection in a first optical waveguide (1 1 , 71 ) provided with' an associated first chirped Bragg grating reflector 
(13, 73) that exhibits chirp by virtue of having grating elements at an effective pitch which is a function of position 

75 along the grating, which effective pitch is the product of the'physical pitch of the grating elements at any position 

along the length of the grating with the refractive index of the waveguide at that position; which method is charac- 
terised in that the light which makes said first reflectibri in said first waveguide additionally makes a second reflec- 
tion in a second waveguide (12, 72) pirovided with an associated second chirped Bragg grating reflector (14, 74) 
whose chirp is such that said first and second Bragg grating reflectors have quadi^tic components of chirp of oppo- 

20 site sign and substantially matched modulus; and wherein thfe' aggregate nriagnitude of line^ar dispersion afforded 

to light nnaking said two reflections is adjustable by effecting a cfiffereritial scaling of the effective pitches of the two 
Bragg grating reflectors. 

2. A method'as clairHed in clairh )\ wherein said differential ycaling:is effected 'by a differential axial straining of tRe' 
25 two Bragg grating reflectors. t.l . . 

3. A rhethod as claimed in claim 1 , wherein said differential scaling is effected by a differential heating of the tWo Bragg ' 
grating reflectors. . ; . . , . 

A method as claimed in claim 1, 2 or 3, wherein trte 6 rag g grating reflectors are sampled Bragg grating 'retlectors. 

A device exhibiting linear dispersion of adjustable maghi'tudeVwhich device includes a first optical waveguide (11,;- 
71 ) provided with an associated first chirped Bragg grating reflector (13, 73) that exhibits chirp by virtue of having 
grating elements at an effective pitch which is a funcfon of pbsitibn along the grating, which effective pitch is the 
product of the physical pitch.of the grating elements at ahy'positibn along the leng^ with the refractive 

index of the waveguide at that position; which device is characterised in that it additionally includes a secohd optical . 
waveguide (12, 72) provided with an associated second chirped Bragg gifting reflector (14. 74) whose chirp is 
such that said first and second Bragg grating reflectors have quadratic components of chli-p of opposite sign' and 
substantially matched modulus, which first and second waveguides are arranged to define an optical transmission 
path in the device thatlncludes a reflection in one grating and then In the other, and wherein the device includes 
rneans (15, 55. 65, 75. 76) to effect a differential scaling of the effective pitches of the two chirped Bragg grating 
reflectors, . . . . ' . . , - 

A device as^claimed in claim 5, wherein the Bragg g rati rig reflectors are sampled Bragg grating reflectors. 

A device as claimed in claim 5 or 6, wherein the first and second waveguides are optica! fibre waveguides. 

A device as claimed in claim 5. 6 or 7. wherein said means is a strain applicator (55, 65) mechanically coupled With 
the first vyaveguide and adapted to impart to the first waveguide, over the length of its Bragg grating, a substantially 
uniform axiaLstrain'oif adjustable magnitude. . .. ... 

A device as claimed in claim 8. wherein the strain applicatorJ65) imparts adjustable magnitude tensile strain to the 
first waveguide over the length of its Bragg grating. T . , " " 

55 1 0. A device as claimed in claim 8, wherein the strain applicator (65) imparts adjustable magnitude cprripressive strain 
. to the first waveguide over the length of its Bragg grating. . ' ^ 

11. A device sis claimed in claim 5, 6 or 7, wherein said rnearis js a therrnial regulator (75','76) adapted to maintain a 
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uniform temperature difference of adjustable magnitude between said first and second chirped Bragg reflection 
gratings. 

/ ' 

12. A device as claimed in claim 1 1 . wherein said first and second optical waveguides are polymer waveguides. 
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